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To clarify the mechanisms that support the con-
tinuity of actively cycling tissues of long-lived
organisms, we investigated the composition of
a mouse spermatogenic stem cell system by
pulse-chase of the undifferentiated spermato-
gonia, the population responsible for stem cell
functions, in combination with transplantation
and regeneration assays after pulse-labeling.
We demonstrate that in addition to ‘‘actual
stem cells,’’ which are indeed self-renewing, a
second population (‘‘potential stem cells’’) also
exists, which is capable of self-renewing but
do not self-renew in the normal situation. Poten-
tial stem cells rapidly turn over in normal testes,
suggesting that they belong to the transit-ampli-
fying, rather than the dormant, population.
During the long natural course, actual stem cells
are occasionally lost and compensated for by
progeny of their neighbors. In this process,
potential stem cells are postulated to shift their
modes from transit amplification to self-re-
newal, thus playing an essential role to ensure
spermatogenesis integrity.
INTRODUCTION
Mammalian spermatogenesis produces a huge number
of differentiated cells, i.e., sperm, for quite a long repro-
duction period, and this is ensured by a robust stem cell
system. The stem cells not only constantly supply the
differentiating cells in steady-state spermatogenesis, but
they also support regeneration after damage.
In mice, stem cell functions reside in a small subset
of spermatogonia, undifferentiated spermatogonia. This
population is themost primitive set of germ cells observed
in mature testes, and it collectively corresponds to sper-
matogonial types of Asingle (isolated single cells), Apaired
(chains of 2 cells), and Aaligned (chains of 4, 8, 16, or occa-
sionally 32 cells) (de Rooij, 2001; de Rooij and Russell,
2000; Meistrich and van Beek, 1993). In the normal roundsDevelopmeof spermatogenesis, the number of undifferentiated sper-
matogonia is kept essentially constant throughout the
seminiferous epithelial cycle: at specific stages of the
cycle (VII–VIII), they give rise to differentiating spermato-
gonia, while a particular portion of them are spared to
maintain the population (de Rooij, 1998; Tegelenbosch
and de Rooij, 1993). The differentiating spermatogonia
(A1–A4, In, and B spermatogonia) are already devoid of
stem cell potential; they proceed along the differentiation
pathway, and the population is expanded through serial
mitotic divisions (de Rooij and Grootegoed, 1998; Ohbo
et al., 2003; Russell et al., 1990; Shinohara et al., 2000).
When spermatogenesis is disrupted by high temperature
or drugs, undifferentiated spermatogonia are often the
only spermatogenic cell type that survive, and they are
sufficient to regenerate spermatogenesis (Nishimune
et al., 1978; van Keulen and de Rooij, 1973). The minimum
requirement for these stem cell functions is the ability
to both maintain their own population and produce differ-
entiating progeny (Potten and Loeffler, 1990). In mouse
spermatogenesis, these abilities can be assessed experi-
mentally as the long-term colony formation that reconsti-
tutes the entire spermatogenesis after transplantation
(Brinster, 2002). Such colonogenic activity is highly en-
riched in the undifferentiated spermatogonia fraction
(Ohbo et al., 2003; Shinohara et al., 2000). Recently, in vitro
culture conditions have been established that maintain
the colonogenic activity, and the resultant cells share
a number of characteristics with undifferentiated sper-
matogonia found in the testes (Aponte et al., 2005;
Kanatsu-Shinohara et al., 2003a; Kubota et al., 2004).
Therefore, on the whole, undifferentiated spermatogo-
nia constitute the primary population responsible for the
stem cell system. However, undifferentiated spermatogo-
nium is a collective entity, and it is basically unknownwhat
subpopulation(s) of this heterogeneous population ex-
hibits the above-mentioned characteristics. It might be
supposed that a portion of the undifferentiated spermato-
gonia (particularly Asingle spermatogonia) constitute the
only ‘‘stem cell’’ population, in which every single cell ex-
hibits all of these actions. To our understanding, however,
this has not been evaluated experimentally; it is also still
possible that subpopulations of the undifferentiated sper-
matogonia represent similar, but nonidentical, functions
and together comprise the entire stem cell system. Suchntal Cell 12, 195–206, February 2007 ª2007 Elsevier Inc. 195
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our current concepts about the spermatogenic stem
cells have been primarily based on the accumulation of
detailed morphological analyses of normal and damaged
testes, together with functional analyses of the cells
during regeneration, transplantation, or in mutant animals
(de Rooij, 1973; de Rooij and Russell, 2000; Kanatsu-
Shinohara et al., 2003b; Meistrich and van Beek, 1993;
Meng et al., 2000; Oakberg, 1971; Ogawa et al., 2003;
Tegelenbosch and de Rooij, 1993; van Keulen and de
Rooij, 1973). On the other hand, cell behavior in the normal
situation has not been assessed convincingly enough to
provide an experimental basis for assessing stem cell
functions. In order to overcome this limitation and to as-
sess the cellular composition of the stem cell system, un-
differentiated spermatogonia (or subpopulations of them)
need to be identified, and their fates need to be analyzed
without disrupting the normal architecture of the testes.
However, undifferentiated spermatogonia are very small
in number, and their identification has long been based
on their morphological characteristics revealed after
fixation and staining (Chiarini-Garcia and Russell, 2001;
de Rooij and Russell, 2000), while genes specifically
expressed in them have not been known until recently
(Aponte et al., 2005).
We have identifiedNgn3 (neurogenin3) as one of the first
such reported genes. Ngn3 expression is restricted to
a small number of cells with undifferentiated spermatogo-
nia characters, and all of the spermatogenic cells in the
mature testes are descendents of the Ngn3-expressing
spermatogonia (Yoshida et al., 2004, 2006). Undifferenti-
ated spermatogonia-specific genes, such as Ngn3, c-Ret,
and Plzf, represent basically the same population with
morphological features of Asingle, Apaired, and Aaligned sper-
matogonia. However, their expressions do not completely
overlap, suggesting a yet unknown heterogeneity of un-
differentiated spermatogonia other than the numbers of
chained cells (Buaas et al., 2004; Costoya et al., 2004;
Meng et al., 2000; Yoshida et al., 2004, 2006; and data
not shown).
In this study, in order to throw light on the functional
compartments of the undifferentiated spermatogonia
that constitute the spermatogenic stem cell system, the
behaviors and abilities of the Ngn3-positive spermatogo-
nia were examined. A pulse-label system for this popula-
tion was established by means of targeted expression
of a tamoxifen-dependent Cre recombinase under the
upstream sequence of the Ngn3 gene. Based on this, the
fates of these spermatogonia were investigated in un-
disturbed testes as well as upon regeneration and trans-
plantation.
RESULTS
Pulse-Labeling of the Ngn3-Positive
Undifferentiated Spermatogonia in Adult Mice
In order to address the behavior of the Ngn3-positive
undifferentiated spermatogonia within the normal testes
environment, we developed a pulse-labeling system196 Developmental Cell 12, 195–206, February 2007 ª2007 Else(Figure 1). CreERTM, a tamoxifen-inducible version of the
Cre recombinase (Hayashi and McMahon, 2002), was
expressed in the Ngn3-expressing cells under the control
of the Ngn3 upstream sequence (Ngn3/CreERTM, Figures
1A, 1C, and 1D) (Yoshida et al., 2006). In the double trans-
genic mice with the CAG-CAT-Z reporter (Araki et al.,
1995), tamoxifen administration is expected to activate
CreERTM transiently and thereby delete the CAT gene
and cause expression of LacZ under the CAG promoter
(Figure 1B). In Ngn3/CreERTM;CAG-CAT-Z adult males,
a number of LacZ-positive cells appeared after tamoxifen
administration, while they were not detected in the
mock-injected testes (Figures 1E and 1F). Such labeled
cells typically made clusters of 1, 2, 4, 8, or 16 cells (Fig-
ures 1G–1J). Use of the CAG-CAT-EGFP reporter gene
(Kawamoto et al., 2000) allowed visualization of the cells’
morphology and revealed that they were interconnected
by intercellular bridges (Figures 1K–1M). Therefore, a label
was successfully introduced into Ngn3-positive undiffer-
entiated spermatogonia in adult mice by a tamoxifen
pulse. Because the recombination is irreversible and
inheritable, the progeny of the labeled cells can be traced
regardless of their Ngn3 expression status after labeling.
Throughout this study, the tamoxifen injection protocol
was fixed so that a constant level of partial labeling was
achieved.
Actual Stem Cells and a Transit-Amplifying
Compartment within the Labeled Undifferentiated
Spermatogonia
We first analyzed the fates of the pulse-labeled undiffer-
entiated spermatogonia during the normal rounds of
spermatogenesis. Ngn3/CreERTM;CAG-CAT-Z transgenic
mice were tamoxifen pulsed at 2 months of age
(Figure 2A). After 1 month, a large number (2000 per
testis) of clusters of LacZ-positive cells were observed
all along the seminiferous tubules (Figure 2B). In most
clusters, labeled cells were observed as grouped sperma-
tids within the inner layers of the seminiferous tubules,
while peripheral spermatogonia were mostly devoid of
the label (Figures 2C and 2D). Most of these clusters
disappeared within another 2 months (Figure 2E), indicat-
ing that they differentiated into mature spermatozoa and
were released from the seminiferous epithelium. Consid-
ering that completion of spermatogenesis takes 40
days from the initial step of differentiating spermatogonia
(Russell et al., 1990), and that the effect of tamoxifen is
estimated not to last beyond several days (Supplemental
Discussion 1; see the Supplemental Data available with
this article online), these clusters represent the labeled
undifferentiated spermatogonia that proliferate and differ-
entiate, but do not self-renew, which is compatible with
the concept of transit-amplifying cells (TA cells; alter-
natively transiently-amplifying or dividing transit cells).
On the other hand, a small fraction of the labeled cells
did persist beyond 3 months and form an average of
6.1 ± 0.7 discrete patches per testis (n = 15) (Figure 2E).
Examination of cross-sections revealed that all stages of
the spermatogenic cells were positive for LacZ in thesevier Inc.
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PositiveUndifferentiatedSpermatogonia
(A) Schematic representation of the Ngn3/
CreERTM transgene; the CreERTM-SV40 polya-
denylation signal unit (CreERTM-pA) was fused
to the 6.5 kb upstream sequence of the mouse
Ngn3 gene. Black boxes, Ngn3 exons; X, XbaI
recognition site (Gu et al., 2002).
(B) Principle of the cell fate tracing. In the
absence of tamoxifen, LacZ is not expressed
due to the intervening CAT gene. Upon tamox-
ifen administration, CreERTM will be activated
and will excise the CAT gene floxed by loxP
sequences, resulting in irreversible turning on of
the LacZ expression under the CAG promoter.
(C and D) In situ hybridization of the adjacent
sections of the adult Ngn3/CreERTM transgenic
mouse testes with (C) Ngn3 and (D) Cre
probes, indicating their overlapped expression
(arrows). The scale bar is 100 mm.
(E and F) Tamoxifen (TM)-dependent appear-
ance of the LacZ-positive cells in the seminifer-
ous tubules (arrowheads). Whole-mount X-gal
staining of adult Ngn3/CreERTM;CAG-CAT-Z
transgenic mouse seminiferous tubules 2
days after (E) tamoxifen (0.5 mg/body on 5
consecutive days) or (F) mock injections.
(G–J) Whole-mount seminiferous tubule X-gal
staining of an Ngn3/CreERTM;CAG-CAT-Z
transgenic adult mouse 2 days after a single
tamoxifen injection (2 mg). Arrowheads indi-
cate the LacZ-positive cells. The scale bar is
100 mm.
(K–M) Detailed morphology of the labeled cells observed in Ngn3/CreERTM;CAG-CAT-EGFP mouse seminiferous tubules, 2 days after tamoxifen
injection (2 mg/body 3 2 times). An interconnection with an intercellular bridge defines these cells as Asingle, Apaired, Aaligned-4, and Aaligned-8, as
indicated. The scale bar is 50 mm.areas (Figures 2F and 2G), indicating that these patches
were derived from pulse-labeled spermatogonia that con-
tinued to produce differentiating cells while maintainingDevelopmetheir own population during the chase period. Therefore,
these cells can be referred to as the ‘‘actual stem cells’’
as proposed (Potten and Loeffler, 1990). Their lowFigure 2. Fate of the Pulse-Labeled
Spermatogonia after 1 or 3 Months
(A) The experimental schedule. Ngn3/
CreERTM;CAG-CAT-Z double transgenic mice
were tamoxifen pulsed (TM) at 2 months of
age. After 1 or 3 months, their testes were
processed for X-gal staining.
(B–G) Appearance of the X-gal-stained
seminiferous tubules (B–D) 1 or (E–G) 3 months
after the tamoxifen pulse. Arrowheads in (E)
indicate the small number of resultant discrete
patches of LacZ-positive cells. (C) and (F) are
magnified views of (B) and (E), respectively,
while (D) and (G) are respective typical cross-
sections of the tubule regions containing the
LacZ-positive cells. The scale bars are 2 mm
for (B) and (E), 200 mm for (C) and (F), and
100 mm for (D) and (G).ntal Cell 12, 195–206, February 2007 ª2007 Elsevier Inc. 197
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Mouse Spermatogenic Stem Cell SystemFigure 3. Contribution of the Pulse-Labeled Spermatogonia to the Spermatogenesis Reconstitution Activity after Transplantation
(A) The experimental schedule. Ngn3/CreERTM;CAG-CAT-Z;UBI-GFP triple transgenic mice were tamoxifen pulsed (TM) at 2 months of age. Two
days after the pulse, one of the testes was removed from the individual mice, dissociated into a single-cell suspension, and transplanted into
germ cell-depleted recipient testes. Three months later, the total donor-derived (GFP-positive) spermatogenic colonies and those from the pulse-
labeled cells (LacZ-positive) were evaluated (‘‘pulse-transplantation’’). The remaining testis was chased under the natural situation for the same
time period (‘‘pulse-chase’’).
(B–D) Results from the ‘‘pulse-chase’’ experiment. (B) is a whole view of a testis, showing several patches of LacZ-positive cells (arrowheads,
a magnified image in the inset). (C) and (D) are cross-sections with a complete set of unlabeled and labeled spermatogenic cells, respectively.
The scale bars are 2 mm for (B), 200 mm for the inset of (B), and 100 mm for (C) and (D).
(E–I) Results from the ‘‘pulse-transplantation’’ experiment. (E)–(G) represent a typical whole-mount fluorescence observation of the recipient testis
after X-gal staining. (E), fluorescence; (F), bright field; (G), merged. (H) and (I) are cross-sections of the LacZ-negative and -positive colonies, respec-
tively, after X-gal staining (blue) andGFP immunostaining (brown), counterstainedwith nuclear fast red. Red and blue arrowheads indicate GFP-single
positive and GFP/LacZ-double positive colonies, respectively. All of the LacZ-positive colonies were also positive for GFP, as shown in (I), although
GFP fluorescence was weakened by the blue colorization. The scale bars are 2 mm for (E)–(G) and 100 mm for (H) and (I).
(J) Direct comparison of the contribution of the LacZ-positive cells between ‘‘pulse-chase’’ and ‘‘pulse-transplantation’’ experiments. Percentages of
seminiferous tubule cross-sections containing LacZ-positive spermatogenesis were calculated (Tables S1 and S2). *p = 0.004 (Student’s t test).frequency suggests that each individual patch was de-
rived from a single labeled cell, and that each patch re-
presented the territory of a single actual stem cell. The
average length of such patches was 1.38 ± 0.08 mm
(n = 91). Considering the total seminiferous tubule length
(1700mm, see Table S1) and irregularity of the boundary
of the patches, the number of actual stem cells was esti-
mated to be 2000 per testis (Supplemental Discussion
2). It was also estimated that each stem cell territory
contains 45,000 spermatogenic cells (Supplemental
Discussion 3).
Comparison of the Actual Stem Cells and the
Colonogenic Cells after Transplantation
We then examined the relationship between the actual
stem cells and the reconstituting colony-forming cells
revealed by transplantation: we examined whether these198 Developmental Cell 12, 195–206, February 2007 ª2007 Elsevtwo traits reside in the same population and are insepara-
ble, or whether different subpopulations exhibit these
functions. To address this question, we compared the
activities of the simultaneously pulse-labeled undifferenti-
ated spermatogonia in ‘‘pulse-chase’’ and ‘‘pulse-trans-
plantation’’ experiments (Figure 3). These experiments
detect the actual stem cells and the colonogenic cells,
respectively. This time, Ngn3/CreERTM;CAG-CAT-Z;UBI-
GFP triple transgenic mice were used. The ubiquitous
UBI-GFP transgene expression under the human ubiqui-
tinC promoter (Schaefer et al., 2001) allows the identifica-
tion of donor-derived colonies with or without pulse-label-
ing with LacZ expression.
The results of the pulse-chase experiments are shown
in Figures 3B–3D and 3J and Table S1, and they indicate
that 6.3 ± 0.3 (n = 3) patches of LacZ-positive cells were
detected after 3 months, compatible with the previousier Inc.
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Mouse Spermatogenic Stem Cell SystemFigure 4. Contribution of the Pulse-
Labeled Spermatogonia to Regeneration
(A) The experimental schedule. Ngn3/
CreERTM;CAG-CAT-Z double transgenic mice
were tamoxifen pulsed (TM) at 2 months of
age. Two days later, busulfan (10 mg/kg) was
injected to induce regeneration. Three months
later, the contribution of the pulse-labeled
spermatogonia to the regenerating spermato-
genesis was evaluated after X-gal staining, in
comparison with the controls that were treated
in the same manner without the busulfan
injection.
(B and C) Whole-mount X-gal staining of the
resultant seminiferous tubules (B) with or (C)
without busulfan injection.Arrowheads indicatepatchesof LacZ-positivecells. Insets aremagnified imagesor cross-sections of thepatches. The scale
bars are 2 mm for (B) and (C) and 100 mm for the insets.
(D) Number of LacZ-positive, labeled cell-derived patches with (bus., n = 7) or without (uninj., n = 15) busulfan treatment. Average numbers of patches
per testis ± SEM are shown in (D). *p < 0.001 (Student’s t test).result (Figures 2E–2G). This suggests that 0.32% ± 0.06%
(n = 3) of the total actual stem cells were labeled, cal-
culated from their contributions to the entire seminiferous
tubules (Table S1).
In the parallel pulse-transplantation experiments, in
which the pulse-labeled testes were dissociated and
transplanted into germ cell-depleted testes, 326 ± 86
(n = 3) donor-derived (GFP-positive) colonies developed
per donor testis after 3 months, comparable to the previ-
ous reports (Nagano, 2003). Among them, 34.0 ± 4.0
were LacZ positive, indicating that 11.7% ± 2.4% of the
total colonogenic cells were pulse-labeled (Table S2).
According to the estimation of homing efficiency of 12%
(Nagano, 2003), numbers of the total and the labeled
colonogenic cells are estimated to be 2,714 ± 720 and
283 ± 33/testis, respectively.
Therefore, contributions of the pulse-labeled cells to the
actual stem cells and to the colony-forming cells are
dramatically different both in their absolute numbers (6.3
versus 283 per testis) and in their percentages (0.3%
versus 11.7%). The same large difference was detected
in the more precise comparison based on the sectioned
specimens (Figure 2J).
Comparison of the Actual Stem Cells and the Cells
that Contribute to Regeneration
Next, the contribution of the labeled undifferentiated
spermatogonia to regeneration was investigated. As
shown in Figure 4A, Ngn3/CreERTM;CAG-CAT-Z double
transgenic mice were pulse-labeled by tamoxifen injec-
tion, and then regeneration was induced by busulfan treat-
ment (10 mg/kg interperitoneally). This dose of busulfan
partially eliminates mitotic spermatogonia, including the
stem cells, and it induces the regeneration process from
the surviving spermatogonia within 3 months (Kanatsu-
Shinohara et al., 2003b). As a result, a significantly larger
number of LacZ-positive patches were observed in the
busulfan-treated testes than in the nontreated controls
(Figures 4B–4D). Such patches contained labeled sper-
matogenic cells at all stages of differentiation (Figure 4B),
indicating that each patch was derived from a labeled cellDevelopmthat had continuously produced differentiating cells while
self-renewing for at least one complete round of sper-
matogenesis. Therefore, like the results from the trans-
plantation experiment, a significantly larger number of
pulse-labeled cells contributed to the self-renewing pool
during regeneration than those in the normal situation.
Kinetics of the Potential Stem Cells
The above-described results provide evidence for a
cryptic self-renewing activity within undifferentiated sper-
matogonia that became apparent upon transplantation
or regeneration. One likely possibility was that a dormant
population with stem cell potential might be activated
into self-renewal upon transplantation or regeneration. It
was also possible that the experimental conditions might
trigger expansion of the self-renewing actual stem cell
compartment by symmetric divisions. Alternatively, the
transit-amplifying cells might still retain the self-renewing
potential. All of these hypotheses could explain the
increase of the labeled colonies or patches after trans-
plantation or regeneration.
To test these possibilities, we investigated the numbers
of labeled colonies (or patches) observed after trans-
plantations (or regeneration inductions) that were per-
formed after intervals of various lengths after the tamoxifen
injection (Figures 5A and 5C). As shown in Figures 5B and
5D, the number of resulting labeled colonies or the patches
decreased rather quickly. A total of 15 days after the
tamoxifen pulse, the increases were no longer observed,
indicating a rapid turnover of the cells that represented
the cryptic stem cell activity. This result is incompatible
with the first hypothesis because dormant cells should
remain in the tissue for a prolonged period of time, and
the number of resultant colonies/patches is expected to
be unchanged. In accordance with this, isolated labeled
cells or tiny clusters of labeled cells were barely observed
2–3 months after the pulse. Similarly, symmetric expan-
sion of actual stem cells was also unlikely, because the
number of the labeled actual stem cells (6 per testis) is
expected to be constant during the test period, and the
resultant colony/patch numbers should also be constant.ental Cell 12, 195–206, February 2007 ª2007 Elsevier Inc. 199
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Mouse Spermatogenic Stem Cell SystemFigure 5. Time Course of the Stem Cell Potentials and the Morphological Characteristics in the Pulse-Labeled Spermatogonia
(A–D) (A and C) Schedule of the experiments. Mice carrying the indicated transgenes were tamoxifen pulsed (TM) at 2 months of age. After the
indicated intervals, (A) testicular cells were processed for transplantation, or (C) busulfan (10 mg/kg) was injected to induce regeneration. (B) Con-
tribution of the pulse-labeled LacZ-positive cells to colonies formed after transplantation. Percentages of the LacZ-positive colonies out of the total
donor-derived colonies (GFP-positive) were shown as average percentage ± SEM from three testes. (D) Number of LacZ-positive patches after re-
generation. Results from a parallel experiment without busulfan injection (uninj.) are also shown. Data from the uninjected control and from the 2-, 5-,
and 15-day intervals are based on 15, 7, 4, and 6 testes, respectively, and are demonstrated as average numbers per testis ± SEM. For data from the
7- and 30-day intervals, counts of the two testes were averaged.
(E) Frequency of the labeled undifferentiated spermatogonia fractions classified by the number of chained cells 2, 5, 7, and 15 days after tamoxifen
pulse. Ngn3/CreERTM;CAG-CAT-EGFP mice were tamoxifen pulsed, and the numbers of GFP-positive undifferentiated spermatogonia chains were
counted. Estimated numbers per testis are shown. U, unclassified undifferentiated spermatogonia clones whose cell numbers were not determined
(see Experimental Procedures and Table S3).In contrast, the rapid turnover is compatible with the third
hypothesis that the cells of interest act as transit-amplify-
ing cells in the normal round of spermatogenesis.
Altogether, we drew a conclusion that, in addition to the
actual stem cells, a functionally distinct compartment of
undifferentiated spermatogonia, which possesses the po-
tential to self-renew but does not do so in undisturbed
testes, also exists. This population is likely to act as tran-
sit-amplifying cells based on its rapid turnover (within 2
weeks). This functional compartment can be referred to200 Developmental Cell 12, 195–206, February 2007 ª2007 Elas ‘‘potential stem cells’’ based on the proposal by Potten
and Loeffler (1990) (also see Discussion).
Kinetics of the Pulse-Labeled Undifferentiated
Spermatogonia Fractions
The undifferentiated spermatogonia include Asingle, Apaired,
and Aaligned spermatogonia. We profiled the pulse-labeled
cells in each of these fractions in order to address the
likely source of the potential stem cells. Ngn3/CreERTM;
CAG-CAT-EGFP mice were pulse-labeled by tamoxifen,sevier Inc.
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gonia were determined for their number of chained cells
at different time points. The results are summarized in
Figure 5E and are represented as estimated numbers of
each fraction per testis (see Table S3 for row counts).
Clearly, almost all of the labeled cells were single or com-
prised chains of 2, 4, 8, and 16 cells, defining them as
Asingle, Apaired, or Aaligned spermatogonia. A total of 2
days after the pulse, label was detected with a peak in
Apaired and Aaligned–4 spermatogonia and subsequently
shifted to longer chains. A total of 15 days after the pulse,
label was mostly moved to differentiating spermatogonia
and spermatocytes, and only a small number of labeled
undifferentiated spermatogonia were observed (Figure 5E
and data not shown), compatible with the idea that the po-
tential stem cells are included in the undifferentiated sper-
matogonia. The total number of labeled clusters observed
at day 2 was fewer than those in days 5 and 7. This may be
due to the lag time required for the genome recombina-
tion, transcription, translation, and accumulation of a
detectable amount of the EGFP protein. Therefore, the
numbers represented for day 2 may be underestimated
compared to those of cells that were actually recombined.
In Asingle and Apaired fractions, the numbers of labeled cells
decreased within 7 days after pulse, whereas longer
chains, i.e., Aaligned-8, 16 spermatogonia, displayed in-
creased levels of label at day 7. Therefore, on the
whole, kinetics of the potential stem cells (Figures 5B
and 5D) showed a closer relationship with that of Asingle
and Apaired, compared with longer chains of undifferenti-
ated spermatogonia.
Actual Stem Cells Turn Over during the Natural
Course of Spermatogenesis
Although the situations are quite different between trans-
plantation and regeneration, what is occurring in both
is the loss of actual stem cells. Therefore, in both cases,
the loss of actual stem cells would recruit the potential
stem cells into the self-renewing process. We then asked
whether such a mode shift occurs and plays some role in
the natural course of spermatogenesis, or whether it is
observed only under the artificial conditions. For this pur-
pose, the fates of the actual stem cell-derived patches
were examined for prolonged periods of time (Figure 6).
Two-month-old Ngn3/CreERTM;CAG-CAT-Z mice were
injected with tamoxifen, and the labeled cells were chased
for up to 14 months (Figure 6A). Active spermatogenesis
was observed in most of the seminiferous tubule regions
during this period. Beyond 3months of chase, the number
of the persistent LacZ-positive patches did not remain
constant, but decreased by 14 months after labeling
(Figure 6F). Given that the persistent patches at 3 months
indicate the actual stem cell functions, their decrease
indicates that some of the actual stem cells had lost their
functions: they might have died or ceased self-renewal
and differentiated.
On the other hand, the length of the surviving patch of
labeled cells increased and the longer patches became
relatively prominent, indicating that the surviving patchesDevelopmextended during the chase (Figures 6G and 6H). Also,
the total length of the areas occupied by the LacZ-positive
cells did not change markedly (Figure 6I). This is intriguing
because the expansion of the surviving cells compen-
sated for the loss of actual stem cells and maintained
the overall spermatogenesis.
The extension of the patches could be explained in two
ways. First, actual stem cells could be newly generated
from the cells in the neighboring area and could take the
place of the lost actual stem cells. If this is the case, the
total number of the actual stem cells should remain con-
stant, and each cell’s territory should be unchanged.
The second possibility is that the lost actual stem cells
are not compensated for, but the neighboring actual
stem cells work harder to produce more differentiating
cells. In this case, the total number of the actual stem cells
should decrease, and each cell’s territory should become
longer with age. To test which possibility actually occurs,
we examined the territory of individual actual stem cells
in older mice. Ngn3/CreERTM;CAG-CAT-Z mice were in-
jected with tamoxifen at 9 months of age, and the labeled
cells were examined 3 months later (Figure 6J, schedule
III). The resultant patch lengths of the labeled cells in these
old mice were essentially indistinguishable from those
observed in mice 3 months after the pulse was done at
2 months of age, regardless of their age at dissection
(schedule I), while they were clearly shorter than the ex-
tended patches 10 months after the pulse (schedule II)
(Figure 6K). These data indicate that the territory of individ-
ual actual stem cells remains unchanged until 12 months
of age. Accordingly, we conclude that the enlargement
of the LacZ-positive areas reflects the genesis of new
actual stem cells from the progeny of the neighboring ac-
tual stem cells.
Thus, although spermatogenesis is, on the whole,
constantly active throughout the long reproduction period,
actual stem cells occasionally lose their function and are
replaced by others, which are supplied from the neighbor-
ing actual stem cells.
DISCUSSION
This study investigated the functional compartments of the
stem cell system that maintain the tissue integrity during
adulthood inmouse spermatogenesis. To our understand-
ing, spermatogenesis and hematopoiesis in mammals are
the only available systems in which the adult stem cell
potential can be functionally defined based on colony for-
mation after transplantation. In addition, mammalian sper-
matogenesis is advantageous in that progeny of a single
cell stay together in a restricted region, making it possible
to assess the individual cells’ fates in the normal situation.
In this study, we have established a pulse-labeling system
of undifferentiated spermatogonia that takes advantage
of the Ngn3 expression in this population.
We demonstrated that, in addition to the actually self-
renewing stem cells (actual stem cells), a second popula-
tion exists that has the potential to self-renew, but does
not do so in the normal course of spermatogenesis. Thisental Cell 12, 195–206, February 2007 ª2007 Elsevier Inc. 201
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Mouse Spermatogenic Stem Cell SystemFigure 6. Chase of the Labeled Cells for Prolonged Periods of Time
(A) The experimental schedule for (B)–(I). Ngn3/CreERTM;CAG-CAT-Z double transgenic mice were tamoxifen pulsed (TM) at 2months of age, and the
labeled cells were chased beyond 3 months.
(B–E) Whole-mount X-gal staining of the seminiferous tubules (B and C) 3 and (D and E) 10 months after pulse. (C) and (E) are high-power views of (B)
and (D), respectively. Arrowheads indicate the persistent patches of LacZ-positive cells. The scale bar is 2 mm.
(F) Number of patches of LacZ-positive cells observed after indicated periods. The numbers of testes analyzed for 3, 4, 6, 10, and 14months of chase
were 15, 14, 5, 16, and 7, respectively, and values are the average numbers per testis ± SEM. a and b indicate significant differences from data of 3
months (p < 0.001 and p = 0.005, respectively, Student’s t test).
(G) Length of the patches composed of LacZ-positive cells. The box and the crossing horizontal line indicate the range between the 25th and 75th
percentiles and the median, respectively, and the whisker spans from the 10th to the 90th percentiles. The numbers of patches measured for data
from 3, 4, 6, 10, and 14 months of chase were 91, 75, 25, and 30, respectively. a, b, c, and d indicate significant differences from data of 3 months
(p = 0.048, p < 0.001, p = 0.01, p < 0.001, respectively, Mann-Whitney U test).
(H) Distribution of the patch length, shown after classification into three groups (<3 mm, 3–5 mm, and >5 mm), based on the same data set as (G).
(I) Total length of the LacZ-positive area per testis. Dots represent the data from individual testes, and the open circles indicate the averages.
No statistically significant difference was detected between the data at 3 months after the pulse and those at 4, 6, 10, and 14 months (p > 0.073,
Student’s t test).
(J) The experimental schedule for (K). Ngn3/CreERTM;CAG-CAT-Z double transgenic mice were tamoxifen pulsed (TM) at 9 months of age, and the
LacZ-positive patches were examined after 3 months, i.e., at the age of 12 months (schedule III), and compared with those from schedules I and II.
(K) Comparison of the lengths of the LacZ-positive patches observed after schedules I–III. Numbers of the testes analyzed in schedules I, II, and III
were 15, 16, and 8, respectively. All of the measured values are plotted as dots, along with box plots presented in the same manner as in (G).population shows a rapid turnover and is thus most likely
to act as transit-amplifying cells. These characteristics are
compatible with the definition of ‘‘potential stem cells’’
proposed by Potten and Loeffler (1990) regardless of the
cell types: in principle, they proposed that the immediate
progeny of the actual stem cells may still retain stem cell
potential (‘‘stemness’’) while undergoing differentiation202 Developmental Cell 12, 195–206, February 2007 ª2007 Elswith high probability; they are thus referred to as ‘‘potential
stem cells.’’ Although this was basically based on regener-
ation experiments from the small intestinal epithelium
after radiation (Cai et al., 1997), it left ambiguity, because
those experiments could not follow the cell fate precisely.
We believe that the pulse-label experiments in this
study have provided solid evidence for the presence ofevier Inc.
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actual stem cells.
Accordingly, our simplest model for the mammalian
spermatogenic stemcell system is represented in Figure 7.
In the normal rounds of spermatogenesis (Figure 7A),
actual stem cells supply differentiating cells while main-
taining their own population. In addition, potential stem
cells constitute a second stem cell population while func-
tioning as transit-amplifying cells in the normal situation.
However, not all of the transit-amplifying cells could be
potential stem cells: it has been established that differen-
tiating spermatogonia, a major part of the transit-amplify-
ing compartment, are incapable of colony formation after
transplantation (Ohbo et al., 2003; Shinohara et al., 2000).
In addition, the total count of undifferentiated spermato-
gonia (330,000/testis [Tegelenbosch and de Rooij,
1993]) is significantly larger than the estimated number
of colonogenic cells (3,000/testis [Nagano, 2003]), sug-
gesting that a significant part of the undifferentiated
spermatogonia had already lost the stem cell potential.
The potential stem cells could play active parts when
the actual stem cells lose their function, as also discussed
by Potten and Loeffler (1990) (Figure 7B). Responding to
the loss of actual stem cells or the emptied stem cell niche,
the potential stem cells will shift their mode from transit
amplification to self-renewal, resulting in the genesis of
new actual stem cells (red arrow in Figure 7B). This situa-
tion comes about artificially in transplantation and regen-
eration experiments. In addition, this study has demon-
strated that actual stem cell loss and genesis of new
actual stem cells do occur during the natural course of
spermatogenesis. Therefore, it can be reasonably postu-
lated that the otherwise differentiating potential stem cells
may compensate for the dysfunctional actual stem cells
by entering into a self-renewing process.
Turnover of the actual stem cells may explain the previ-
ously described age-related increase in the contribution of
sperm that possess particular genetic properties: Mintz
(1968) observed in C3H4C57BL/6 allophenic male mice
that C3H-derived sperm become dominant with age. In
humans, sperm carrying spontaneous FGFR2 mutations,
a cause of Apert syndrome, expand their contribution
with age (Goriely et al., 2003). These observations have
been considered to reflect the selective propagation of
spermatogonia, while the cellular basis is unknown. This
study demonstrates that the actual stem cells turn over
in a genetically uniform situation, and that the loss is com-
pensated by genesis of new actual stem cells from the
progeny of pre-existing actual stem cells. We guess that
the Cre-mediated recombination and subsequent loss of
CAT and gain of LacZ expression are neutral, because
some recombined clones expand and others disappear,
balancing their overall contribution (Figure 6). It is easily
postulated that once some potential stem cells have ac-
quired inheritable and advantageous traits, they will be-
come the new actual stem cells with a higher probability,
and they will expand gradually after rounds of turnover.
Given that FGF signaling is crucial for proliferation and/or
survival of the colony-forming stem cells in cultureDevelopm(Kanatsu-Shinohara et al., 2003a; Kubota et al., 2004),
domination of the sperm that carry constitutive active-
type mutations in an FGF receptor gene (Goriely et al.,
2003) is likely to reflect the advantage of high proliferation
and/or survival activities for stem cell turnover. Whether
the natural turnover reflects some currently unknown dif-
ferences among spermatogonia is an interesting question.
Drosophila provides excellent models for stem cell re-
search, and similar turnover of the actual stem cells has
been demonstrated in germline and gonadal somatic
stem cells (Margolis and Spradling, 1995; Wallenfang
et al., 2006; Xie and Spradling, 2000). In addition, revers-
ibility of the differentiating transit-amplifying cells back
into the stem cell pool has been represented in genetically
modified animals (Brawley and Matunis, 2004; Kai and
Spradling, 2004). This present study demonstrates that
the overall composition of the germline stem cell system
is conserved betweenmale mice and flies, and it suggests
that adult stem cells in other cell types or other organisms
may also behave similarly. Detailed investigations would
clarify whether the stem cell systems stand on a totally
identical strategy, or whether some differences exist
that, for example, support much longer duration of the
mammalian spermatogenesis.
The link between the functional compartments of the
undifferentiated spermatogonia (actual and potential stem
cells) and their morphological traits, namely, the number
of chained cells, is a focus of interest. It is reasonable
theoretically, though not proven experimentally, that the
actual stem cells are included in the Asingle spermatogonia
Figure 7. A Model of the Spermatogenic Stem Cell Compart-
ments
(A) In the normal round of spermatogenesis, the stem cell potential is
not limited to the cells that actually self-renew in the stem cell niche
(actual stem cells); also, part of the transit-amplifying cells that do
not self-renew may possess the potential (potential stem cells). Both
of these compartments are included in the undifferentiated spermato-
gonia entity.
(B) Upon loss of the actual stem cells, the potential stem cells would
switch their mode from transit amplification to self-renewal, resulting
in the genesis of the new actual stem cells (indicated by a red arrow).
The emptied stem cell niche may play crucial roles in triggering this
shift of mode. See text for details.ental Cell 12, 195–206, February 2007 ª2007 Elsevier Inc. 203
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Russell, 2000). In this study, the number of pulse-labeled
actual stem cells (6 per testis) was clearly smaller than
that of the labeled Asingle cells (400 per testis, or probably
more considering the time lag for detection; Figure 5E;
Table S3). Similarly, the estimated number of actual stem
cells in this study (2,000 per testis) was far smaller than
the number of Asingle spermatogonia (35,000 per testis
[Tegelenbosch and de Rooij, 1993]). Therefore, it is sug-
gested that only a small portion of the Asingle spermatogo-
nia function as the actual stem cells, while other Asingle
cells might act as transit-amplifying cells.
The source of the potential stem cells is also important.
The count of Asingle cells (35,000 per testis) is enough to
cover the estimated number of entire colony-forming cells
(3,000 per testis [Nagano, 2003]), suggesting that Asingle
cells acting as TA cells would consist of the potential
stem cells. However, the estimated colonogenic cell num-
ber is based on the homing efficiency that inevitably de-
pends on several assumptions, and may not be entirely
conclusive. Moreover, we think it is still an open question
as to whether only Asingle cells can retain the self-renewing
potential, or whether chained spermatogonia can also act
as the potential stem cells. The latter assumption requires
breaking down of the intercellular bridges to shift into self-
renewing actual stem cells. In the case of transplantation,
enzymatic and mechanical dispersal cause this situation
artificially. In Drosophila male and female germlines,
when stem cells are eliminated by genetic modifications,
differentiating transit-amplifying chained cells can be in-
duced to break down into single cells and revert into
stem cell pool (Brawley and Matunis, 2004; Kai and Spra-
dling, 2004). Inmouse, similarly, we have recently obtained
evidence of a breakdown of chained undifferentiated sper-
matogonia in undisturbed testes by time-lapse recording
(S.Y. et al., unpublished data). Assuming such fragmenta-
tion, it may be that shorter chains of spermatogonia, which
showed similar kinetics with the potential stem cells (Fig-
ure 5) preferentially act as the potential stem cells. How-
ever, further investigations are expected to clarify this im-
portant issue.
In summary, this study has demonstrated that in mouse
spermatogenesis the undifferentiated spermatogonia are
functionally divided into multiple compartments. Our
most important finding is that the stem cell system is not
solely dependent on the actually self-renewing cells
(actual stem cells), but that it also involves a more exten-
sive population with self-renewing potential (potential
stem cells). We propose that, acting as a safety net for
the loss of actual stem cells, the potential stem cells play
an extremely important role for the robustness of the
system.
EXPERIMENTAL PROCEDURES
Animals
Ngn3/CreERTM, CAG-CAT-Z, and CAG-CAT-EGFP transgenic mice
were described previously (Araki et al., 1995; Kawamoto et al., 2000;
Yoshida et al., 2006). Ngn3/CreERTM mice were maintained on a204 Developmental Cell 12, 195–206, February 2007 ª2007 ElseC57BL/6 background. C57BL/6-Tg(UBC-GFP)30Scha/J mice (Schae-
fer et al., 2001) were purchased from The Jackson Laboratory (desig-
nated as UBI-GFP). The genetic background of CAG-CAT-Z and CAG-
CAT-EGFP mice was mixed, while the former were immunologically
compatible with C57BL/6. The C57BL/6 mice used as the wild-type
were purchased from Japan SLC. All of the animals were maintained,
crossed, operated, and sacrificed in accordance with the Animal
Experiment Guidelines of Kyoto University.
In Situ Hybridization
In situ hybridization were done on paraffin sections as described
(Yoshida et al., 2001), and detailed protocols are available upon
request. Probes used in this report were as described (Yoshida
et al., 2004).
Pulse-Chase Experiments
Ngn3/CreERTM;CAG-CAT-Z or Ngn3/CreERTM;CAG-CAT-Z;UBI-GFP
transgenic mice were injected with tamoxifen (Calbiochem) dissolved
in sesame oil (Nakalai) at 20 mg/ml. Typically, 2-month-old mice were
intraperitoneally injectedwith 2mg/body tamoxifen four times on every
second day, unless noted otherwise. After a particular incubation
period, testes were excised, untangled, fixed, and stained for b-gal
activity as described (Yoshida et al., 2004). Stained specimens were
photographed under an MZ420 macroscope (Leica), and the length
of the LacZ-positive area was measured with Axiovision software
(Zeiss Vision). The stained seminiferous tubules were then embedded
in paraffin and sectioned.
Pulse-Transplantation Experiments
Two-month-old Ngn3/CreERTM;CAG-CAT-Z;UBI-GFP triple trans-
genic male mice were injected with 2mg tamoxifen four times on every
second day. After 2 days, the testis on one side was excised and
processed for transplantation, while the other testis was left for com-
parison (pulse-chase). Transplantation of the single-cell suspension
(5 3 107 cells/ml) into the seminiferous tubules of busulfan (44 mg/kg;
Wako)-treated C57BL/6 mice was performed as described (Ogawa
et al., 1997; Yoshida et al., 2006). After 3 months, recipient testes
were excised, and GFP-positive colonies were examined. The speci-
mens were then X-gal stained to visualize the LacZ-positive colonies.
To compare the results of ‘‘pulse-transplantation’’ and ‘‘pulse-chase’’
experiments, the X-gal-stained seminiferous tubules were immuno-
stained for EGFP after sectioning (Supplemental Experimental Proce-
dures 1). All of the statistical analyses in this study were done with
StatView software (Abacus).
Regeneration Experiments
Two-month-old Ngn3/CreERTM;CAG-CAT-Z double transgenic mice
were intraperitoneally injected with busulfan (10 mg/kg) after particular
intervals from the tamoxifen pulse done according to the standard pro-
tocol. Three months after the last tamoxifen injection, whole testes
were stained for X-gal, and the number of LacZ-positive areas was
counted.
Morphology of the Labeled Spermatogonia
Testes of adult Ngn3/CreERTM;CAG-CAT-EGFP mice were removed
and untangled 2, 5, 7, or 15 days after tamoxifen pulse, and they
were immunostained for EGFP (green) and Plzf (red), basically as
described (Ohbo et al., 2003); however, modifications were made so
that all of the procedures were applied to specimens fixed on glass
slides (Supplemental Experimental Procedures 2). EGFP-positive
undifferentiated spermatogonia were identified based on their mor-
phology and Plzf immunoreactivity and were counted. The untangled
seminiferous tubules shown in Figures 1K–1M were photographed im-
mediately after dissection. A BX61WI microscope (Olympus) equipped
with a CoolSnap HQ CCD camera (Photometrics) was used for these
observations.vier Inc.
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Supplemental Data include discussions about duration of the tamoxi-
fen effect, estimation of the actual stem cell number and the number of
progenies in each actual stem cell territory, detailed immunostaining
procedures on sectioned and whole-mount seminiferous tubules, as
well as tables that summarize the results of pulse-chase and pulse-
transplantation experiments and the morphology of the labeled sper-
matogonia after pulse. Supplemental Data are available at http://
www.developmentalcell.com/cgi/content/full/12/2/195/DC1/.
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